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Abstract 
 
In the hippocampus, production of new and functional neurons is important for 
spatial memory function. Animals held in confined spaces or in captivity have been 
shown to decrease the production of new neurons, while those living in enriched 
environments have been shown to increase hippocampal neurogenesis, most likely due to 
an increased demand on memory function and spatial abilities. Here, I tested a hypothesis 
that the amount of space provided for exploration affects neurogenesis, and tested it by 
investigating neurogenesis in the medial and dorsal cortices of the brain in side-blotched 
lizards (Uta stansburiana), exposed to different spatial environments. Side-blotched 
lizards come in three different morphs—orange, blue, and yellow. Orange and blue side-
blotched lizards hold territories and so are known as territorial; whereas the yellow 
morphs are non-territorial, since they do not defend territories. Territorial animals likely 
rely on spatial information to maintain and defend their territories, and I predicted that 
territorial lizards maintained in larger enclosures would have more new neurons than 
non-territorial lizards or individuals in smaller enclosures. Doublecortin was used to 
identify new neurons because it is only expressed in new, immature neurons. I found that 
territorial side-blotched lizards maintained in large enclosures had more newly produced 
cortical neurons than the non-territorial lizards, or individuals maintained in small 
enclosures. These results confirmed the hypothesis that larger space available for use 
stimulates production of neurons in the area of the brain involved in spatial learning. 
Interestingly, this effect was only observed in territorial morphs, suggesting that non-
territorial morphs may not necessarily use spatial learning during space exploration.  
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Introduction 
Memory is an important process for most animals to acquire, retain, and recall 
information from their environmental experiences. Within the brain, the hippocampus, 
amygdala, and dorsal striatum have been shown to play a role in memory and learning 
(McDonald & White 1993). The hippocampus is important to encode and retrieve 
information in animals and is essential in declarative memory (explicit memory), which 
is a type of long term memory where memories can be consciously recalled (Chun & 
Phelps 1999; Eichenbaum 2000; Squire 1992). Its counterpart, non-declarative memory 
(procedural memory), is a long-term memory of how to perform different actions and 
learned skills (Chun & Phelps 1999; Eichenbaum 2000; Squire 1992). Declarative 
memory is divided into two categories: episodic memory and semantic memory 
(Eichenbaum 2000). Episodic memory, which spatial memory is part of, stores specific 
personal experiences, while semantic memory is involved in storing factual information 
and is independent of personal experiences (Eichenbaum 2000).  
Many studies have been done showing that when the hippocampus is damaged, 
memory impairment occurs. Lesions in the hippocampus of rodents and monkeys caused 
delay and impairment in memory tasks such as simple, object discrimination tasks 
(Squire 1992; Eichenbaum 2000; Zola-Morgan 1992). Furthermore, Clark et al. (2000) 
also observed that the hippocampus is important in recognition memory in rats. Rats that 
had radio-frequency lesions of the hippocampus did not perform well across longer 
delays in visual paired comparison tasks (recognition memory tasks). Also, rats with 
hippocampal lesions were impaired in spatial tasks compared to the rats that did not have 
hippocampal lesions (Clark et al. 2000). The hippocampus seems to be especially 
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involved in spatial memory function and damage to the hippocampus results in spatial 
memory and learning impairments (Loureiro et al. 2012; Pothuizen et al. 2004). Loureiro 
et al. (2012) found that inactivation of the dorsal and ventral areas of the hippocampus, 
after drug infusions before a probe trial, impaired spatial memory retrieval in water-maze 
tasks in rats.  Also, Pothuizen et al. (2004) noted that lesions in the dorsal hippocampus 
severely impaired spatial memory in water maze tasks in rats. Rats that had lesions in the 
dorsal hippocampus could not successfully perform spatial memory tasks compared to 
rats that had only ventral lesions or no lesions at all (Pothuizen et al. 2004). These studies 
provide evidence that the dorsal as well as the ventral regions of the hippocampus are 
necessary for normal memory functions in a variety of animal species.  
Adult neurogenesis has been suggested to play an important role in helping to 
retain and recall information in animals (Amrein & Lipp 2009). Neurogenesis is the 
process of generating new neurons in the brain, especially in the hippocampal regions and 
olfactory system (Amrein & Lipp 2009; Rakic 2002). The dentate gyrus region of the 
hippocampus has been observed to continuously produce new neurons in adulthood 
(Snyder et al. 2005). It was thought that any neuronal cells that have been damaged or 
lost did not have the potential to regenerate. However, there is much evidence now that 
some regions of the adult brain are capable of neuron regenerative processes and that new 
neurons are constantly being produced and added to the existing neuronal circuits in the 
adult brain (Doetsch 2003). Traditionally, it had been considered that neurogenesis stops 
during prenatal development, but it is now known that the hippocampus continues to 
produce new neurons in adult animals (Winocur et al. 2006; Barnea & Pravosudov 2011; 
Gould & Gross 2002). For new neuronal cells to develop, stem cells in the brain must 
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divide and either differentiate into neuronal or glia cells. Stem cells have the ability to 
continuously develop and differentiate into specialized type of cells, while progenitor 
cells do not have the ability to renew themselves forever (Abrous et al. 2005).  Progenitor 
cells are mitotic cells, with a fast division rate and therefore have the ability to proliferate 
and give rise to terminally differentiated cells, but they are not capable of unlimited self-
renewal, and they are more committed to differentiating into a certain cell than stem cells, 
which are undifferentiated cells (Abrous et al. 2005). The proliferation of neurons occurs 
in the lateral ventricles and subgranular zone of the hippocampus (Amrein & Lipp 2009).  
It seems that new cells arise from progenitor cells in the subgranular zone of the 
hippocampus and subventricular zone of the lateral ventricles and then after some time 
these cells begin to migrate to the desired areas of the brain, where they survive and make 
neuronal connections (Kempermann et al. 2004; Barnea & Pravosudov 2011; Amrein & 
Lipp 2009).  
For example, Perez-Canellas and Garcia-Verdugo (1996), used [3H]thymidine 
autoradiography and BrdU to evaluate adult neurogenesis. The animals received 
subcutaneous injections of [3H]thymidine, which labeled the nucleus of the newly divided 
cells by staining them with silver grains when looked at through a microscope (Perez-
Canellas and Garcia-Verdugo 1996). Following this, BrdU was used to label newly 
dividing cells, as BrdU gets incorporated only into the DNA of newly dividing cells, and 
to quantify the amount of new neuronal cells (Perez-Canellas and Garcia-Verdugo 1996). 
Labeled cells were considered neurons if the nucleus had a regular shape (either being 
round or oval) with a smooth nuclear outline (Perez-Canellas and Garcia-Verdugo 1996). 
It was discovered that new neurons start their life in the ventricular zone of lateral 
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ventricles and after some time, about 30 days after injection, migrate to the telencephalic 
regions of the brain, such as the olfactory bulbs, nucleus sphericus, striatum and medial 
and dorsal cortices (Perez-Canellas and Garcia-Verdugo 1996). 
The proliferation of these new neuronal cells is tied to the hippocampal dependent 
memory in many animals. Research shows that when neurogenesis is blocked in rats, 
memory is affected. For example, Winocur et al. (2006) treated rats with low dose 
irradiation in order to prevent hippocampal neurogenesis. Researchers observed that the 
rats that received the irradiation had impaired learning only in NMTS (non-matching-to-
sample) tasks that lasted longer than 60 seconds and the rats that were irradiated made 
more errors than the control group (Winocur 2006).  This study shows that the blockage 
of new neuron production may potentially affect hippocampal-dependent memory, as 
affected rats declined in their performance of learning tasks.  
The production of new neurons has been suggested to have many functions. For 
example, Montaron et al. (2005) observed that a decline in adult hippocampal 
neurogenesis (due to a variety of factors) led to memory dysfunction and cognitive 
impairments. Furthermore, Shors et al. (2001) showed that a reduction in production of 
new neurons in the dentrate gyrus of the hippocampus in mice impaired their ability in 
hippocampal-dependent learning and memory. Evidence suggests that continuous 
production of new neurons may benefit the animal’s hippocampal function (Shors et al. 
2001).  
Adult neurogenesis is seen to play an important role in brain plasticity, the ability 
of the brain and nervous system to change structurally and functionally to accommodate a 
variety of conditions such as environmental or physiological changes (Lledo et al. 2006). 
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Adult neurogenesis is strongly regulated, which means that the adult brain can modify its 
production of new neurons to match the demands of the environment (Lledo et al. 2006). 
Therefore, a demanding environment, such as large spatial territories, may stimulate a 
production of new neurons due to the demands placed on memory and spatial abilities.  
Previous research has shown that individuals that do not inhabit a large spatial range area 
have reduced hippocampal volumes when compared with conspecifics using larger 
spatial ranges (Barnea & Nottebohm 1994; Kempermann et al. 1997; LaDage et al. 
2010). Such reduction in hippocampal volume may exist in part because smaller space 
may not provide the animal with sufficient challenges of using their spatial memory, 
thereby reducing hippocampal neurogenesis. Furthermore, studies done on mice that were 
housed in larger, unrestricted areas showed an increase in neuronal cell proliferation 
(Praag et al. 1999). 
 In addition, larger space provides more opportunity for animals to engage in 
physical exercise and activities. Mice that not only lived in enriched environments, but 
had unrestricted access to a running wheel and participated in more physical activity were 
shown to have double the amount of new cells in the dentate gyrus (Praag et al. 1999). 
Researchers think that increasing an animal’s physical activity in a large spatial 
environment is one way that may help to increase neurogenesis and better cognitive 
performances (Jessberger et al. 2009; Praag et al. 1999; Olson et al. 2006).  Jessberger et 
al. (2009) hypothesized that manipulation given to animals, such as enhancing physical 
activity in a large spatial environment, will increase the number of new granule cells, and 
this increase in neurogenesis rates may provide the animal with better spatial memory. 
Jessberger et al. (2009) injected rats with lentivirus to prevent adult neurogenesis in the 
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dentate gyrus in order to observe the effects of reduced neurogenesis on memory 
performance. Researchers found that the male rats with blocked production of new 
neurons had a significant decrease in behavioral performance on a variety of tasks, such 
as object recognition memory and water maze tasks, than the control group of rats 
(Jessberger et al. 2009).  The injected group of rats showed better retention of spatial 
memory in water maze tasks and decreased object recognition memory compared to rats 
that did not receive injections (Jessberger et al. 2009).  It seems that a large spatial 
environment along with increased physical activity may improve memory performance 
and may be responsible for enhancing neurogenesis, which is involved in brain plasticity 
because the brain is changing by producing and incorporating more new neurons. This 
may be important because a large spatial environment, with more opportunities for 
physical activity, may cause production of more neurons, which in turn may benefit 
spatial memory. Thus, physical activity and large spatial environment may independently 
or jointly be involved in increasing neurogenesis.  
Furthermore, Komitova et al. (2005) examined adult neurogenesis in rats that had 
stroke and lived in standard environments versus larger and more enriched environments. 
The rats living in enriched environments had enhanced neurogenesis in the subventricular 
zone after cortical stroke as opposed to rats that lived in standard environments 
(Komitova et al. 2005). These studies show that those animals that traverse a larger 
spatial area may be more likely to produce more neurons because they may have 
increased motor stimulation and increased memory use in more demanding environments 
(those with large spatial ranges). 
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For my experiment, I tested a hypothesis that the amount of space available for 
exploration directly affects adult neurogenesis rates. More specifically, I tested a 
prediction that larger spatial area should be associated with more new neurons in the 
brain areas involved in memory function using the side-blotched lizard (Uta 
stansburiana) as a model. Side-blotched lizards are found in one of three morphs - 
orange, blue, and yellow and each of these morphs appears to use space differently 
(LaDage et al. 2009; Sinervo & Lively 1996). More specifically, some of these morphs 
are more territorial than the others. Male side-blotched lizards with orange throats are 
very aggressive and occupy a much larger territory (about 40 m2) compared to blue and 
yellow morphs, which occupy a territory of about 23 m2 and 20 m2, respectively (LaDage 
et al 2009; Sinervo & Lively 1996). Also, the home range of the yellow morphs is smaller 
because they do not hold territories like the blue and orange morphs (LaDage et al. 2009). 
Therefore, orange and blue morphs are territorial and defend well delineated territorial 
boundaries, while the yellow morphs are non-territorial. Since different morphs occupy 
different territorial sizes, the demands on memory and spatial abilities could be different 
for each morph. Therefore, lizards that live in larger spatial environments would be 
expected to have an increase in the number of new neurons because they may need to 
learn more spatial information associated with larger territories than individuals holding 
smaller territories. Non-territorial lizards may not use as much spatial memory and may 
not have an increase in the number of new neurons, since these individuals do not need to 
learn spatial information about their territories because they do not hold any territories. 
Furthermore, the constant production and function of new neurons in the hippocampus 
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appears crucial for cognitive depictions of the environment in birds, mammals and 
reptiles (Day et al. 2001; LaDage et al. 2009).  
Reptiles’ brains contain medial and dorsal cortices, which are structurally and 
functionally similar to the hippocampus in birds and mammals (Day et al. 2001). The 
medial cortex is most similar to the dentate gyrus region of the hippocampus in 
mammals, while the dorsal cortex is thought to be similar to the subiculum and isocortex 
regions of the brain in mammals (Day et al. 2001). Furthermore, neurogenesis may be 
enhanced when animals live in enriched environments, which requires the use of 
hippocampal dependent memory and use (Snyder et al. 2005).   
Also, studies have shown that adult neurogenesis, although produces neurons in 
limited brain regions, occurs at a high rate and is more abundant in reptiles in the sense 
that reptiles produce microneurons in addition to large neurons in their medial and dorsal 
cortices (Barnea & Pravosudov 2011; Font et al. 2001). The medial and dorsal cortices in 
lizards, and the hippocampus in other animals, are crucial for spatial learning and 
memory function (Font et al. 2001).  Any damage to these brain areas may interfere with 
spatial learning.  
  Here, we tested whether there is a difference in the number of new immature 
neurons in the medial and dorsal cortices of the brain in side-blotched lizards that were 
maintained in different size enclosures and, likely, experienced different demands on 
their spatial memory use. We used doublecortin to identify new neurons, as doublecortin 
is known to be expressed only in new, immature neurons (Brown et al. 2003; Rao & 
Shetty 2004; Couillard-Despres et al. 2005; LaDage et al 2010).   
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Materials and Methods 
Subjects and Housing Conditions  
Male and female side-blotched lizards were brought from the Los Banos Grandes 
area, Merced County, California, U.S.A into the University of Nevada, Reno laboratory 
in March 2010. Individuals were assigned to breeding enclosures of one male and three 
females. Assignment of individuals resulted in the production of offspring primarily 
homozygous for morphotype (territorial and non-territorial lizards). Of the offspring 
produced from the breeding colony, eight pairs of full sibling brothers (n=16 total 
animals) were used in this experiment. Males were housed with siblings for 3-4 weeks. 
After this time, males were housed individually in small enclosures (22 cm x 14 cm x 
13.5 cm) for three months. After three months, half of these males were moved to larger 
enclosures (144 cm x 53 cm x 38 cm) and allowed to reside there for five months. At the 
end of five months, all animals were perfused with 0.1 M phosphate buffered saline for 
10 min. followed by a 15-20 min. perfusion of 4% paraformaldehyde in 0.1 M phosphate 
buffer. The brains were extracted and post-fixed in 4% paraformaldehyde for 24 hours. 
Brains were flash-frozen and sliced on a cryostat (Leica CM 3050S: -20 °C) every 40um. 
 
Doublecortin Protocol 
 A three-day doublecortin protocol was used to visualize the expression of 
doublecortin in new neurons in medial and dorsal cortices of the brain. On day 1, brain 
sections were washed in TBS for 5 min, 10 min, and 20 min, respectively. Brains were 
incubated in hydrogen peroxide (2004 ul of 30% hydrogen peroxide in 100 ml TBS) for 
30 minutes. Brains were washed in TBS for 5 min, 10 min, 20 min, and 30 min, 
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respectively. The tissues were incubated in blocking buffer (3 ml normal horse serum, 
94.5 ml TBS, 2.512 ml 4% TX-100) for 30 minutes. Brain tissue was incubated in 
doublecortin in blocking buffer (500 ul doublecortin, 3 ml normal horse serum, 94.5 ml 
TBS, 2.512 ml 4% TX-100) for about 18 hours in a cool temperature incubator, set at 
100% cooling for overnight.  
 On day 2, brain tissues were washed in TBS for 5 min, 10min, 15 min, 30 min, 
and 30 min, respectively. Brains were incubated in biotinylated horse anti-goat solution 
(500 ul horse anti-goat, 3 ml normal horse serum, 94.5 ml TBS, 2.512 ml 4% TX-100) 
for 2 hours. Brains were washed in TBS for 5 min, 10 min, 15 min, and 30 min, 
respectively. They were then incubated in ABC Elite Complex (20 drops A and 20 drops 
B in 100 ml TBS) for 1 hour. Brain tissue was then washed in TBS for 5 min, 10 min, 
and 25 min, respectively. The tissue was stained in DAB+Nickel solution for 1 minute. 
Tissue was washed in TBS for 5 min, 10 min, 15 min, and 20 min, respectively. Brain 
tissue sections were then mounted on slides, cover slipped, and left to dry.  
 
Brain Analysis 
 Newly produced neurons in the medial and dorsal cortices of the brain were 
analyzed using the Optical Fractionator procedure contained in the SteroInvestigator 
software. A 5x objective power was used to measure the area of the brain tissues. The left 
and right dorsal and medial cortices were outlined and the area of each section was 
recorded. Stained neurons were counted at 100x objective power. To count doublecortin-
expressing new neurons, a 70 x 70 grid size was used. Only clear (not blurry), darkly 
stained neurons were counted and the final numbers were recorded and saved (Figure 1).  
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 Repeated Measures ANOVA was used for the statistics to assess differences 
between brothers housed in large versus small enclosures, as well as differences between 
territory and non-territory holders. 
Results 
After visualizing new, immature neurons with doublecortin (Figure 1), 
StereoInvestigator software was used to quantify and analyze the total number of new 
neurons.  Repeated Measures ANOVA was used to compare the difference between the 
territorial and non-territorial lizards housed in large versus small enclosures (Table 1). 
The main effect of territory status was not significant (F(1, 5)= 2.63, p=0.167) nor was the 
effect of enclosure size (F(1, 5)= 0.636, p=0.461). However, the interaction between 
territory status and enclosure size was significant (F(1, 5)=13.991, p=0.01343). Consequent 
pairwise analysis showed that territorial side-blotched lizards, living in larger enclosures, 
had significantly more newly produced cortical neurons than those in smaller enclosures. 
Pairwise comparisons were conducted and there was a significant difference found 
between territorial lizards housed in large versus small enclosures (p=0.021). All other 
comparisons were not significant (p<0.05).  
 
Discussion 
 We found that enclosure size had a significant effect on the number of new 
neurons in territorial but not in non-territorial morphs. The territorial lizards had a 
significant increase in the number of DCX-stained neurons in larger enclosures when 
compared to the non-territorial individuals. Since territorial lizards (orange and blue 
morphs) naturally hold and defend their territories, they may use spatial, hippocampal 
dependent memory and may have increased its use in larger enclosures, which was 
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associated with higher rate of new neuron production (LaDage et al. 2009).  Non-
territorial lizards (yellow morphs), which do not hold territories, did not have an increase 
in the number of DCX-stained neurons in larger enclosures. This result may suggest that 
since yellow morphs do not hold territories, they may have a lower demand on spatial 
information, and therefore may not have an increase in neurogenesis (LaDage et al. 
2009).   
Previous studies have shown that animals living in larger and enriched territories 
had higher neurogenesis rates. Bruel-Jungerman et al. (2005) found that rats that were 
exposed to an enriched environment resulted in larger production of new neurons in the 
dentate gyrus, which in turn resulted in an increase in long-term memory compared to the 
rats that were not exposed to an enriched environment. A more enhanced spatial 
environment may result in a significant increase in new neurons, which may in turn 
enhance the animals’ memory. Furthermore, many studies have shown a link between 
spatial memory and increasing rates of neurogenesis (Gould et al. 1999; Epp et al. 2011). 
Several studies using mice have found that neurogenesis rates can be altered based on 
spatial memory use. Gould et al. (1999) observed that there is a direct association 
between hippocampus-dependent learning and generation of new neurons. Learning, such 
as spatial water-maze training in rats, increased the number of new neurons in the dentate 
gyrus (Gould et. al 1999). Alternatively, the learning that did not require the use of the 
hippocampus, such as cue-maze training, produced no increase in new neurons (Gould et 
al. 1999).  The results from these studies suggest that the use of spatial memory may aid 
in the increase of neurogenesis rates in animals. My findings were, at least partially, in 
line with these previous studies as the territorial lizards that lived in a larger spatial 
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environment had a significant increase in the number of new neurons. Therefore, 
territorial lizards may be relying on the use of spatial memory more heavily than non-
territorial lizards, which may explain the increase in new neuron numbers associated with 
increased space use.  
However, the results of my experiment differ with previous studies in that non-
territorial lizards did not respond to an increase in enclosure size. These conflicting 
results may be potentially due to the fact that animals using different territorial strategies 
may respond differently to larger spatial territories because of ecological differences. For 
example, when territorial lizards use a larger spatial territory, they may increase spatial 
memory use needed to remember increased territorial boundaries. Non-territorial lizards 
do not have territories and therefore may not need to learn territorial boundaries and may 
rely on different mechanisms to orient themselves.  It would be interesting to further 
investigate how non-territorial lizards use space and how this could potentially affect 
their rates of neurogenesis and spatial memory. Comparing other species and/or morphs 
that differ in their territorial behavior may provide a better understanding of whether 
territoriality is related to spatial memory use and, as a result, to adult neurogenesis. 
Confirming that other morphs that do not use and defend territories and also do not 
increase neurogenesis rates, when housed in larger spatial confinements, would 
potentially support the link between territoriality, spatial memory, and adult neurogenesis 
suggested by this study.   
However, in my study we are unable to differentiate whether the observed 
changes in neurogenesis were the result of increased memory use or were due to 
increased physical activity associated with larger space. The fact that non-territorial 
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lizards did not respond to increased enclosure size suggests that memory may likely be 
responsible for changes in neurogenesis rates, provided that both territorial and non-
territorial lizards increased their activity in larger space enclosures.  
This study was important in showing that use of larger space use may affect adult 
neurogenesis rates in the hippocampus of side-blotched lizards. However, further work is 
needed to investigate how other animals differing in their territoriality, respond to 
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Table 1. Repeated Measures Analysis of Variance (space experiment.sta) 
              Sigma-restricted parameterization 
              Effective Hypothesis decomposition 
 
Effect SS Degree of 
Freedom 
MS F P 
Intercept 73948 1 73947.9 0.34364 0.583197 
Neurons ave 43069 1 43069.1 0.20015 0.673317 
Territory 
holder 
506638 1 506638.0 2.35441 0.185516 
Error 1075936 5 215187.2   
R1 15407 1 15406.6 0.61995 0.466730 
R1*neurons 
ave 
3971 1 3970.6 0.15978 0.705867 
R1*territory 
holder 
347693 1 347693.3 13.99099 0.013425 

































Figure 1. Doublecortin stained neurons in Medial and Dorsal Cortices of the brain. 
New, immature DCX neurons were counted in the medial and dorsal cortices (picture on 
right) of the brain in side-blotched lizards. The DCX-neurons were stained a dark brown 






Figure 2. DCX stained section of the brain. Each brain contained about 12-16 tissue 
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Figure 3. Enclosure size and the number of DCX neuronal cells in territorial versus 
non-territorial lizards. Territorial side-blotched lizards living in larger enclosures had a 
significantly larger number of new, immature neurons than non-territorial individuals in 
smaller enclosures. The line with the closed circles represents non-territorial lizards and 
the line with the open circles represents territorial lizards.  
 
